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ABSTRACT

In C(’)2-laser interaction with matter most of the abscrbed
energy is initially channeled into a hot-electron distribution.
Im many cases, resonance absorption is thought to be the
dominant mechanism producing this distribution. Stimulated
scattering may also play an important role.

In the coronal region of the laser plasma, hot electrons
suffer losses that fall into two basic categories. First, hot
electron energy is used in the sheath to accelerate fast ions.
In some cases this can be a very-efficient process. This is an
important interaction, since
ions as the drive mechanism,
is the loss of energy to cold
return current. Some aspects
prncesses will be illustrated
shells.
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I. INTRODUCTION

In this paper we report progress toward understanding the
absorption and subsequent partitioning of CO~ laser energy
incident on solid taraets. The efficiency of absorption of
laser light and its subsequent partitioning into useful forms
such as fast ion energy is, of course, crucial to the evaluation
of any particular laser for its ICF p~tential.

We presently believe that all of the absorbed C02 las r
fener y must initially reside in a hot (> 50 keV at I > 10 5

!W/cm ) electron distribution. We thus deal in Section I with
the hot electron generation (C02 absorption) mechanisms, In
Section 11, we discuss the results of absorption measurements at
moderate to high intensity. After absorption, we proceed to the
next rr,cstdirect interaction, the exchange of hot electron
energy with fast ions. In Section 111, fast ion measurements
are ciiscusssed. The role of magnetic fields in fast ion
generation is cliscussed in relatic,n to experim~ntal results.
Finallhy, we deal in Section IV with th~ transport and deposition
~~,~~~Prcrrlaininghot ~lectrons and the picture of overall energy

. Once aqain self generated magnetic fields play an
important role. X-ray irnaqing indicated distinct signatures of
magnetically mediated transport, patt~rn5.

1. A nrw p(?rsp[’ctiv[?on dhsorpl.ilrl(Clnd,tlut(’lrctrnn (lrnrra-
\lion) at.hiqh ifll.rnsit.y(> 10 S W/cIn~).

7. F?(’.l\llrwm’fi!:nf hiqh [’nrrq,ycnnvrrsion 10 filst ior15 ill ,1
variotv 01’ Iilr(l(’t t.orll’i(lllrtlli(~rls(111(1 III(’ (’tf (’(’t, of
mlI(Iflf It ir Ii{llllr,011 I 11i:;cnflv(~rsioli.
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A substantial number of these devices are placec~ in strategic
loc~tions so that angular variation of the ion blowoff can De
determined. Filtered counterparts of the total energy
calorimeters are used to assess the energy in fast ions.

In Tab?e I, we show the results of a typical absorption
study. Shells 300 ~m in diameter coated with various materials
were irradiated at surface focus (I = 1016 W/cm2). The gold
shells were also irradiated at defocused conditions (I ‘- 5 x
1015 W/cm2). There is no variation ill total abSOrpilOn with
target mat rial. There was, however, a considerable variation
in absorption with focal conditions (and corresporciingly with
flux density).

TABLE I

Absor~tion for 300 ~m targets is high,
independent of tarqet matt?PiJ1.

TARGET ADSORPTION
(300 ,ImDIAMETER)

SllRFAl:F GMH WITII?0 ~m Ctl 5N X
FOCUS

_____, _____ ‘“’]‘l:!_:_y’:_A1’ ___._____..!!?____________

“III(’Ili[ltl,llls{~r’pl,iorl,11.Iliqh int[’llsit!i!I qlliI(’ (’rlcl~:lrllqin[j
for ICI’ ,]l)l)lic,ll,iof~’.. It. i:, l)~)ssiblv111,11Illis hi(:ll,Ih!lorlllioll
In(l,yI)()(IxlIl,1irl[!dl)} d r(’c(’f~tccllriI.1,11.iarl01 rl’’,tlrl{lllc[’IIl)r[)rpli~)rl
,il,11iqtl inlf~llsit:f. Ihi’; picl.llr[’p“r.(lirl.s[lll,lrslrl[ll.i(~r],11)(I
ril~ljlillflof” till’ crif.1(.,~1 !illl.1 .1(:[’ I.llilt. I. I’<llll .:; in i’lllldll(” [’[1
,Il)~,f)t.l)t il)rl ,Irtrl II iflt]f)r Ilot I’ 1(’(.l,rorl 1,(’ml”JIr ILur-fI.
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Ixllf’r. im[’111.’. ,It.1’ 1)111111141(1ill III(I II(I(It’ : 111.Ilt.f~ t.() I)(II I IIr. (1(11 ill~’t.tll~
lilIIII’l’(ll’ll’ll’ l)lll’ihl (’oll(lit iol)’) if) l,yl~ict’l(.!);,I,lr.(lfjl rI~IIf ifl[lr.d.
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(~)l~(liIi[~rl”lIIllly ,1111{11~1’tllJ(’t1) ,lr) I’rllltlrltIvIII’Ilf (If ‘, IIlf I ‘l(.lil 1(’r$.



In Fig. 1, we show the scaling of absorption with focal
conditions for two diameters of shell targets. For the defocus
conditions shown in Fig. 1, the f/2.4 focused laser beams are
transll ‘ d the indicated distances beyond surface focus. There
is some dence that the difference in total absorption for the
very lar targets is due to poGrer angular coverage by the

calorimett array (ions emitted back toward the focusing optics
and not co ‘ected by calorimeters). The pronounced variation in

absorption ~ th focal conditions, however, remairs.
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The tmper~turc of the ho~ electron spectrum generat(?d by

the ,ll~sorptiionproccsscs is also of great importance to th~
d[’termination of t,]rget collplirlgeffi(;ioncy and preheat. Thr
Primary diaqflnsti~ of l“ho~:is the h,~rd x-ray sp~ct.rum.p Th(’
Inrrt x-ray Ilr(!lllsstr(ltllllrlflspectrum provirtcs a “trl]nsport.~?d”
il]dicator ~f T)ot,, ~in(.(~ IIIOSI of t.h~?s(’
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rcqions of thl’ t,~r[l(~l,). Th(’ sollrcc t~ot el~’rt.r(jnLmlq)(’r,]turr
(im!lli[’d I)y III(Il)r’(’lllsstr.(llllllll~llll(’(l(;llt’t’lll~!t]t.)i% I1511d11.y illft’rr[’(1
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(11 fwl of lhi~ IOI;I, 011 lti~j Illlrfl x. r(,y c,l)Iv.l~tIIII.
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intensity in the region > ~ols Nfcmz is st ~per than

anticipated (between 10.4 and ~o.5)m The 1°-5 line in
Fiq. 2 seems to re resent the best fit to scaling in the region

fof I > 1015 W/cm . It is drawn through the entire rang< for
reference only and is not meant to imply a constant slope
throughout tne intensity range. There are several possible
explanations for hiqher Thots:
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III. FAST ION MEASUREPENT AND THEORY

The calorimeters described in Section 11 are also used to
measure the energy in fast ion expansion. To perform this
mn~surement they are filtered with thin metal foils (which
typically pass 100 keV protons). As with total energy
measurements, the angular distribution of the fast ions is
determined by an array of calorimeters (in this case filtered).

In Table II we show the fracton of absorbed energy in fast
ions measured on the same targets as in Table 1. Large fast ion
fractions are observed for tiqht surface focus conditions. The
total conversion of laser energy to fast ion enerqy approached
402. The fraction is reduced at defocused conditions. This
reductiorr may be clue in part to a lowerinq of the energy of qome
of the ions b~low the calorimeter filter cutoff. Very little
variation in fast ion fraction with the wall thickness ~f the
shell is measured.

TAE’.E 11

Fast Jon Fractioll For
Various Shell Tarqpts.

Tarqet
(300 IImDiameter)

Fast Ion
Fraction

( of Absorption)

SIIRFACE

I

GMIIWITH ?0 l,mCtl 58;;
FOCUS

(~pflWITH 3 l]nl AU 62;;
--——--— ------------------.-—--—----—-- .---.---—.-----—---------------

DEFOCllSE[l CMt{W ITtl3 11111AU 43::
50(-IDII1

Thr! mpchanism for ti:ci;[’n~r,]tionof f;,tt ions is intimat.pl.y
Lid t.o sf’if ften(’rirldwnqnptic fit’lds. R(’cent cdlculat.inrrs~
h,~v~rcvralrd m,~rlyint.~r(lst.inq,lspcct,sof these fi~lcls. In sornp
Cils(’s,liot.f~”lP~l-rOIIsar[l confill[~~lt.n t,lp coronal ruqiorr of t.hp
p I (lsm(7 for milch Iol]gl’rt.im(!sth[In t.h(’.yWOIIICI11P wit.bout ttl(’
fiu’ds. lhis im~~li(!:;,1 lorlq~~r”p[’rioriof interdct.ion with th(’
p I(ismd <ll[’ril.tl,IrldIliqll(’rconvf~r’sion to f(lsl: inns.



electrons make one or m~re bounces off the sheath giving up
2 fi/A)(me~mp! ‘n ‘ach encounter”5 As the thickness

of the targaet increases, the energy loss in dense material qoes
up and fewer bounces would be expected ta occur. From this
r)icture one miaht expect higher conversion in thin tarqets.
Filtered plasma calorimeter experiments, however, show little
variation with thickness.

Magnetic field modeling shows that for thick targets the hot
electrons are confined by the field to the coronal region
causing a significant interchange with ions, while reducing the
energy loss in the dense materi~’.

‘~r thinner layers of material, the multiple bounce model
may be more appropriate. In this c~se, electrons can penetrate
the dense material of the target and more uniformly heat it.
This tends to break up the maqnetic field pattern permitting the
simple bounces off the sheath to occur. In the section below,
we will present evidence for the breakup of the magnetic field
patterns in thin targets.

Let us consider a simple example of a 1 ~m wall gold shell
irradiated sc that the hot electron temperature is_~bout 120 keV.
The loss/bounce from the sheath is - 21[ (z/A)(me/mp) -0.045
Accounting for collisional 10ss in dense material, sheath
velocity, and core decoupling, about 8 bounces would occur.
This would give a fast ion fraction of 0.36 and ahout 0.40 is
observed. In the thin walled case, the simple picture is thus
numerical Iy consistent with observations.

In summary, the conversion of laser enerqy to fast ion
expansion can h~ a v~ry ~fficient process. 032 laser
accelerated ions may llt’ovevery useful in test.inq ion driven ICF
concepts.~

IV. H(7T

Hot
t~-(lnsport
In most
orn~rat.d

ELZCTRON TRflN5PORT AND llEPOSITION ANllENERGY BALANCE

electrons qenprat,cd ncdr the critical surface srcm to
and dt~posit their cnerqy in a rather complicated way.
Cds(?s t.h~ transport i< stronoly dffectcd hy self
~lectric and maqn~t,ic fielcls. ThcsP fields afff?ct not.

only thr spfltial riist.rihut.innof rnrrqv, I)(ltthe overall rn~’rqy
h,llanc{~(sllch~s l.11~partil,ioninq of ~n[’rq,yinto f~st ions). klr
d(?al first with di’pnsit.ionA-IcIovcriil1 crl~rqy l~nlance and t.hrn
with <(-)I1IC Chara(;t,(’ri ’ll ics of t.h[’ spdtitil distribution o f

d(’posi t,iorl.

Ilot P I Pc troll trdflsl)orl. dnd (Icpnsit.iorl hi]vt’ 1)(’(’n
rxp(’rim(’nt. al I.y d i oqrlos(?(l wit.11 x-ra,y imllqin!l ,lrlti snrctral
lll(’llsllr~’illl}rlt.snnd with ch[arqv(l:Jart.iclr sp[’ctral ar]dcillorinwtric
fll~aslir(”llll~rli.t.



The hard x-ray spectrum is measured with a 10 channel foil
filtered detectnr array.2 This instrument covers the spectral
range from 30 keV to 1 MeV.

The hard x-ray (bremsstrahlung) temperature and yield are
taken as indicators of hot electron energy that is cnllisionally
deposited, It was shown by Bethe and Heitler7 that the ratio
of collisional to radiative losses is given by:

(dE/dx)RAD ET
dx)COLL=~’

(1)

where E is in units of MeV. This general proportionality between
collisional and radiative losses is confirmed by measurements on
targets that are thick to the electron energies involved.
Integrating over a Maxwell ian distribution gives an approximate
relationship between the ratio of hard x-ray yield to Thot and
collisionally deposited electron energy:

ECOLL =; 1/(10-6 2(1 + n/2)), (2)

where n is the cli~,ensionalityof the Maxwellian distribution and
TH = hot electron temperature. This is the same formula that
is empirically derived from thick target bremsstrahlung
experiments.8

A more careful ancilysis of bremsstrahlung using recently
avtiildble cross sectionsg is underway. The preliminary
indication is that Eq. (2) gives an overestimate of the
collisional energy 10ss.

Flremsstrahlunq dot’. not measure non-collisiofial losses.
Stopping of fast electrons by loss to collective oscillations
could be very important.1~

In the first three columns of Table 111 we show the results
of hard x-ray m~asurernents on a laser irrarliat[’dgold shell (the
values tabulated (Ireaverages over.fi laser shots).

TARl_F 111

(1311isional
Wall Ttlot ~eposition T Snft Soft X-Rd,ys

Thickness lmp 1 ied Hy X-nays (SO eV-2 keV)
(pm) (k(~V) - Hard X-days (J) PV Yield (,1)

- 10,0 700 352 (0.07s) 13!1 20 \u.@47)



The third column in Table III uses the simple approximate
formuia given in Eq. (2) and assumes a 3 dimensional Maxwellian.
Also shown in this colunm, in parenthesis, is the collisional
deposition as a fraction 6f incident laser energy.

H?rd x-ray emissiori camples electron deposition in deep
layers of the shell. Soft emission, on the other hand, samples
deposition in a thin layer near the surface of the target. The
thickness of this “~,yer is approximately on~ absorption lenqth
or around one micron in the case o“: gold.l- In the last two
columns of Table III, we show the results of soft x-ray
measurements (covering the spectral range 50 eV to keV). The
temperature is obtained by fitting a blackbody sp~:trulllto the
outputs from a 7 channel (broadband foil filter) soft x-ray
detector. These temperatures and the integrated x-ray energy
can be used to estimate the total deposition in the shell by
comparisons with overall hydro modeling of the interaction.

Combining the x-ray measurements with calorimeter results, a
picture of the overall energy balance begins to emerge. This
balance is indicated in Fiq. 3. About 675 J is not directl!’
accounted for experimenta~ly for the same case
illustrated in Table III.

as thai

2,EIhJ
SCATTEREO

/
.~
LASER47kJ

FAST IGNS
780J+? XiF&::

[721 J)
4 [205 J)

~coLLlsloNAL
1,9 kJ ABsORBEG

\

DEPOSITION
INTO SUPRATHERMAL OF ELEcTRON&~NyTO&ONfLN~E
ELECTRONS(I7 J) 352J(445J) 150J (160J!

EJ,NOEXPERIMENTAL
MEASU+7EMENT, (518J)

[ ) RESULTS OF HYDRO
MoDELING

Fiq. 3.
Fn[’rqybalance in C(77 laser irradiat.pd shell.



Figure 3 also contains the results of hydro code simulation
of the same (averaqe) laser shot. The hydro simlJlation results
in parenthesis are compared with experimental values averaged
over 6 laser shots. The simulations were performed by adjus’.ing
the hot electron distribution so that the bremsstrahlung
spectrum matches that observed in the experiment. The agreement
between theory and experiment is reasonably good. More refined
experiments and simulations are, however, required to reduce the

discrepancy in deposited (and potentially useful) energy.

There are several possibilities to account for the energy
not accounted for experimentally: (a) fast ions not measured by
the calorimeters (e.g., protons below 10CI keV),- (b) a lower
component (Or components) of Thot that Collisionally deposit
such that the corresponding bremsstrahlung is not observed, and
(c) return current 10ss of hot electron energy to the cold
distrib~tior (EoJ Losses).

Ex[.’riments have recently be~n undertaken to help answer the
question of a lower component (or components) of Thot. A
crystal spectrogr~ph as been constructed that covers the range
of 4-?3 keV. A spectrum produced by this device is shown in
Fig. 4. This shot represented about 5 kJ of C02 las~r light
incident on a gold shell (2000 urndiam, 10 urnthick w~ll). The
20 keV distribution has an upper bound of 2 J of total enet-qy.
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Fig. 4.
4-26 keV X-ray
spectrum from
a C02 laser
irradated qold
shell.

Here one cannot use the simple formula qivcn in [q. (2) for the
interpretation of ~:ollisional deposition. This is because at
these lower energirs the absorption of the radiation and severe
alteration of the electron spectrum in thin l~lyers necessitate
fairly complex modeling as described below. Our appr~a~h toward



this very preliminary information has been to attemp[ to
reconcile the data with the results of hydro code simulations,
Tlius far, only a small amount of the absorbed energy can be
placed in the - 20 keV distribution and still reproduce
adequately the hard and soft x-ray measurements (such as those
described above).

In the remainder of this section we deal with some of th~
spatial characteristics of hot electron transpurt and deposition.

In addition to fast ion production, self generated magnetic
fields have importart effects orI energy transport. The most
prominently observable effect is the non diffusive nature of
lateral transport.

The recently developed 2-D, implicit electromagnetic
simulation code VENUS calculates the self consistent maqnetic
fields and the resulting energy tranport. On/: of the results is
that many of the hot elect.rofisr~main confined to the region
around the focal SDCt . The remainder are transported
considerable distances ‘from the ~pot. One
result is itldicated in Fig. 5.

such calc~lational

Fiq. 5.
Integrated cn+rqy
transport across
the back of a foil
as a function ot
I lsjtj~~ on the
l,~il. T!l.edJshed
line resooncls to
R = (1dnl the
solid line to
DLO.
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